Radial profiles of impurity spectral line emissions in extreme ultraviolet (EUV) range (60-400 Å) are surveyed for impurity seeded discharges in Large Helical Device (LHD). The line emissions from light impurities such as helium, carbon and neon are located in the edge ergodic layer (1.0 ≤ ρ ≤ 1.2) except for CV and CVI, which are located in region of 0.8 ≤ ρ ≤ 1. In contract, the line emissions from heavy impurities such as iron are widely located over the whole plasma region as a function of ionization energy. On the other hand, the radial profile of bremsstrahlung continuum radiation is also clearly recorded in the EUV spectrum observed from high-density discharges with hydrogen pellet injection. Wavelength intervals available for the absolute sensitivity calibration of the present space-resolved EUV spectrometer system are listed with dominant line emissions which are useful as a wavelength marker.
Introduction
Spectroscopy plays an essential role in plasma diagnostics of magnetically confined fusion research [1] . In particular, impurity diagnostics is very important in studying energy balance of additionally heated plasmas and achieving high-performance plasmas through confinement improvement. Extreme ultraviolet (EUV) spectrometer is necessary to observe the impurity lines, since the wavelengths emitted from the plasma core become shorter in high-temperature fusion plasmas. Two EUV spectrometers working in wavelength range of 10-130 Å called 'EUV short' and 50-500 Å called 'EUV long' have been installed in LHD as impurity monitors after technical developments over several years [2, 3] . EUV spectroscopy combining X-ray and EUV spectrometers which can be operated in wavelength range of 5-500 Å has been also developed in NSTX tokamak to measure both intrinsic light and heavy impurities [4] . However, the EUV spectrometer having spatial resolution has not generally reported until now whereas radial profiles of impurity lines are necessary for analyzing the impurity behavior in detail. Recently, a space-resolved EUV spectrometer working in wavelength range of 60-400 Å has been developed in LHD to measure the radial profile of impurity line emissions for the impurity transport study and the radial profile of bremsstrahlung continuum for absolute sensitivity calibration of the spectrometer and effective ion charge (Z eff ) measurement [5] . In recent two decades, EUV spectra emitted from various kinds of elements have been systematically investigated in fusion devices by means of laser blow-off and impurity pellet injection technique [6, 7] . The EUV spectra of highly-ionized strontium and zirconium injected with the laser blow-off technique are identified in wavelength range of 10-330 Å on TFR tokamak [8] , and heavy ion spectra from rare gases such as krypton [8] and xenon [9] are studied. EUV spectra are also studied in Alcator C-Mode tokamak for intrinsic carbon and molybdenum impurities [10] and in PLT tokamak for highly-ionized zirconium and molybdenum [11] . In LHD, a double structure impurity pellet [12] with high-Z material of molybdenum and tungsten has been used for the study to avoid the ionization in the ergodic layer. The EUV line emissions are analyzed for both elements [13] . All the analyses are focused on the wavelength identification. Any radial information on such ions has not been yet investigated in the EUV wavelength region. Moreover, in the case of light impurities such as carbon and oxygen several intense line emissions with different principal quantum numbers in the transition exist in the EUV wavelength range. The EUV line emissions from the light impurities are extremely useful to the impurity transport study in the edge ergodic layer. In this paper, the radial profiles of impurities in different charge states are reported with spectral identification. Radial profiles of EUV bremsstrahlung continuum are also presented and available wavelength intervals for the bremsstrahlung continuum measurement are listed for the absolute calibra-tion of the present space-resolved EUV spectrometer. It is noted here that 'radial profile' expressed in the present paper means the radial profile of chord-integrated line emissions, not the local emissivity profile after Abel inversion.
Experimental Conditions
The vertical profiles of impurity line emissions are measured by the space-resolved flat-field EUV spectrometer with a varied line spacing holographic grating (1200 grooves/mm at grating center). A good vertical spatial resolution of 15 mm is obtained when a space-resolved slit of 0.5 mm in width is used. Impurity spectral lines are recorded by a back-illuminated chargecoupled device (CCD) detector with a pixel size of 26 × 26 µm 2 and pixel numbers of 1024 × 255, which can be moved to survey the wavelength range of 60 to 400 Å. Observable wavelength interval, λ I , of the EUV spectrometer, which is defined by the CCD size (6.6 mm) along the wavelength dispersion, varies with the wavelength, e.g., λ I = 30 Å at 60 Å and λ I = 65 Å at 400 Å. The spectral resolution Δλ, is really good, e.g., Δλ = 0.3 Å at 100 Å and Δλ = 0.5 Å at 400 Å when the entrance slit width is 100 µm. The vertical observation range of the EUV spectrometer perpendicular to the wavelength dispersion is approximately 50 cm and also limited by the CCD size (26.6 mm). A half of the LHD plasma can be then observed at horizontally elongated plasma cross section. It is noted that all the radial profiles presented in this paper are taken at upper half of the LHD plasmas.
The impurities contained in LHD plasmas are always dominated by carbon as the intrinsic impurity released from divertor plates made of carbon. Oxygen is appeared only in the beginning of experimental campaign, if the boronization is not sufficient. Metal impurities such as iron can be also observed as an intrinsic impurity, but the amount is usually very less (n Fe /n e < 10 −4 ). On the other hand, several impurity elements are externally introduced in the LHD plasmas for a variety of experimental purposes. For instance, neon is frequently used to increase electron temperature (T e ) and ion temperature (T i ) and to cool the edge plasma for production of detached plasmas. Argon is usually used to measure the central ion temperature (T i (0)) from Doppler broadening of He-like ArXVII using crystal spectrometer. Heavy metals like iron are injected by the impurity pellet injector to study the impurity transport and the atomic physics.
EUV Impurity Line Spectra

Two-dimensional CCD images of line emissions
The vertical profiles of impurity line emissions are shown in Figs. 1 (a)-(i) for different wavelength ranges. The two-dimensional CCD images of spectral lines are exposed from typical hydrogen discharges at the beginning of experimental campaign with relatively high line-averaged of 70-210 Å which is a main part showing the neon spectra. The images of the neon spectra greatly differ from ones in the typical hydrogen plasmas seen in Fig. 1 . The spectra are fully occupied by the neon ions in various charge states. The intensity of the neon spectral lines is so strong that other spectral lines can not be identified unless the intensity scale is largely expanded. Most of the neon line emissions, however, can be isolated each other indicating an enough space between adjacent two lines.
Radial profiles of spectral lines
Radial profiles of EUV line emissions from several elements in different charge states are illustrated in Figs. 3 (a)-(d) . Radial profiles of Figs. 3 (a) and (b) are taken from similar discharges with T e (0) = 0.75 keV at R ax = 3.60 m. Since the ionization energies, E i , of HeII (E i = 54.4 eV) and CIV (E i = 65 eV) are quite low those ions are located in the ergodic layer outside the last closed flux surface. The sharp peak in the radial profile seen near ρ = 1.1 means line-integrated effect along the same magnetic surface. It is clearly seen that the peak positions of carbon ions are moved inside the plasma according to the charge states. Although the vertical profiles of CV and CVI are the second order, the intensity is still higher than CIV. The CVI is the strongest line among all the charge states of carbon in the EUV range. Spectral lines of HeII, CV and CVI are always used as wavelength markers in calibrating the wavelength in the spectrum.
The radial profiles of NeV to NeVIII in Fig. 3 (c) are taken from similar discharges with T e (0) = 3 keV at R ax = 3.60 m. The radial locations of the neon ions are very close each other inside the ergodic layer because the ionization energies of them are not so different, i.e., E i = 126 eV for NeV and E i = 239 eV for NeVIII. Radial profiles of FeXV, FeXX and FeXXIV taken from similar discharges with T e (0) = 2.5 keV at R ax = 3.60 m are plotted in Fig. 3 (d) . In case of the iron ions, on the other hand, the EUV line emissions are widely distributed over the whole radial location. The highest charge state of iron seen in the EUV range is lithium-like FeXXIV, although heliumlike FeXXV can be also observed in LHD at x-ray range of 1.8 Å. The radial profiles of iron ions are obviously different among the ionization stages. The FeXX and FeXXIV are located in the plasma core of ρ = 0.6 and ρ = 0, respectively, whereas the FeXV is located at plasma edge of near ρ = 1. The difference can be simply explained with their different ionization energies (FeXIV: E i = 457 eV, FeXX: E i = 1582 eV and FeXXIV: E i = 2.046 keV). It is noted that the intensity of FeXXIV is considerably smaller than that of FeXX because of the relatively low central temperature of discharges selected for the present study.
Wavelength distribution of EUV spectra
Figures 4 (a)-(d) illustrate the wavelength distribution of EUV spectral lines observed from different discharge conditions, i.e., (a) typical hydrogen discharge, (b) neon seeded discharge, (c) argon seeded discharge and (d) iron pellet injected discharge. It is clearly seen that the number of observed spectral line emissions from the typical hydrogen discharge is quite less and the spectrum is dominated by carbon line emissions of CIV, CV, CVI and HeII as mentioned above. The helium is brought by helium glow discharge cleaning which is being carried out during the night after the end of the experiment in a day.
On the other hand, many strong line emissions are observed in the EUV range for neon, argon and iron. The neon EUV spectral lines mainly exist in wavelength range of 60-210 Å. These strong neon line emissions dominate the EUV spectrum by replacing the carbon line emissions. 
EUV Bremsstrahlung Continuum
The absolute sensitivity calibration of the EUV spectrometer is very important to calculate absolute intensity of impurity lines. However, there is no standard light source applicable to such a short wavelength region. In order to overcome this problem, a new method using the bremsstrahlung continuum radiation has been developed using LHD high-density plasmas. Recently, a good result is successfully obtained for the EUV long spectrom- eter [3] . As already known, it is easy to measure the visible bremsstrahlung continuum radiation in fusion plasmas and the absolute sensitivity calibration of the visible spectrometer system can be accurately done using a standard tungsten lamp. Therefore, we try to apply this method to the space-resolved EUV spectrometer system. The bremsstrahlung continuum is enhanced in highdensity discharges, in particular, when hydrogen pellets are injected in LHD plasmas. Figure 5 shows the wavelength distribution of EUV spectrum in wavelength range of 80-400 Å including line emissions and bremsstrahlung continuum radiation. The spectrum is obtained from highdensity plasmas (n e ∼ 3.0 × 10 14 cm −3 ) with hydrogen pellets at R ax = 3.75 m. The bremsstrahlung continuum is clearly observed as background emission of the line spectra. The intensity of the bremsstrahlung continuum increases when the wavelength decreases, suggesting a typical character of the bremsstrahlung continuum.
The certain wavelength interval without line emissions can be easily found from the spectrum in Fig. 5 . Figure 6 shows radial profiles of the EUV bremsstrahlung continuum as a parameter of wavelength, i.e., 80 Å, 130 Å, 200 Å and 300 Å. The radial profiles of pure bremsstrahlung continuum radiation are obtained in the EUV range, although the intensity quickly decreases with increase in wavelength. Here, the available wavelength intervals are firstly given in this paper. In order to perform correctly the absolute sensitivity calibration over the whole wavelength range of the present space-resolved spectrometer system, the bremsstrahlung continuum has to be exposed from high-density hydrogen discharges to avoid the interference from line emissions. The hydrogen pellet injection can further improve the accuracy of the sensitivity calibration by enhancing the bremsstrahlung continuum.
The wavelength intervals available for the bremsstrahlung continuum measurement are listed in Table 1 with several line emissions which are also important as the wavelength marker. In the table, 'A' denotes the wavelength intervals in which no other emission lines are included, and 'B' denotes ones in which some line emissions appear in a few discharge conditions. For example, the wavelength interval denoted with B may include line emissions from oxygen at the beginning of experimental campaign and from carbon at extremely high carbon concentration. The absolute calibration of the space-resolved EUV spectrometer can be completed by adopting the wavelength intervals of the bremsstrahlung continuum listed in the Table 1 .
Summary
Radial profiles of spectral line emissions have been measured in wavelength of 60-400 Å using the spaceresolved EUV spectrometer with high spectral and spatial resolutions. Vertical profiles of the EUV spectral lines shown with two-dimensional CCD images indicate that the EUV spectrum is dominated by CVI in the typical hydrogen plasma except for HeII and is dominated by NeVII and NeVIII in the neon seeded discharge. Most of the emissions from light impurities are located inside the ergodic layer except for CV and CVI which are located in radial region of 0.8 < ρ < 1. On the other hand, the line emissions from heavy impurities such as iron widely distribute in the plasma from the plasma edge to the plasma core according to their charge states.
A new method based on the bremsstrahlung continuum radiation to calibrate the EUV spectrometer is studied using high-density discharges of LHD. Strong EUV continuum spectrum is observed with the radial profile from hydrogen pellet injected high-density discharges using the space-resolved EUV spectrometer. The wavelength intervals of the EUV bremsstrahlung continuum available for the absolute calibration of the present system are listed with remarks. The bremsstrahlung profiles presented in this paper are also important to measure the Z eff profile in the EUV range.
